ABSTRACT: The application of metabolic phenotyping to epidemiological studies involving thousands of biofluid samples presents a challenge for the selection of analytical platforms that meet the requirements of high-throughput precision analysis and cost-effectiveness. Here direct infusion− nanoelectrospray (DI−nESI) was compared with an ultraperformance liquid chromatography (UPLC)−high-resolution mass spectrometry (HRMS) method for metabolic profiling of an exemplary set of 132 human urine samples from a large epidemiological cohort. Both methods were developed and optimized to allow the simultaneous collection of high-resolution urinary metabolic profiles and quantitative data for a selected panel of 35 metabolites. The total run time for measuring the sample set in both polarities by UPLC−HRMS was 5 days compared with 9 h by DI−nESI−HRMS. To compare the classification ability of the two MS methods, we performed exploratory analysis of the full-scan HRMS profiles to detect sex-related differences in biochemical composition. Although metabolite identification is less specific in DI−nESI−HRMS, the significant features responsible for discrimination between sexes were mostly the same in both MS-based platforms. Using the quantitative data, we showed that 10 metabolites have strong correlation (Pearson's r > 0.9 and Passing−Bablok regression slope of 0.8−1.3) and good agreement assessed by Bland−Altman plots between UPLC−HRMS and DI−nESI−HRMS and thus can be measured using a cheaper and less sample-and timeconsuming method. A further twenty metabolites showed acceptable correlation between the two methods with only five metabolites showing weak correlation (Pearson's r < 0.4) and poor agreement due to the overestimation of the results by DI− nESI−HRMS.
INTRODUCTION
Metabolic profiling methods are now widely applied in molecular epidemiology studies and other large-scale phenotyping investigations of human biofluid and tissue collections, such as Biobanks, involving tens of thousands or more samples. The scale of analysis required is a strong driver for both the optimization of pre-existing standard analytical methods and the development of new techniques, with the aim of improving the measurement precision and the coverage of chemical species profiled but with high-throughput and economic feasibility in mind. 1−5 The measurement of low-molecularweight metabolites conducted on the population scale provides sufficient statistical power for the investigation of molecular mechanisms responsible for phenotypic variation in human populations and affords the potential for metabolome-wide association studies (MWAS) to elucidate metabolic signatures of disease and disease risk factors. 6 Analytical methods for large-scale phenotyping are selected on the basis of the need to strike a balance between metabolite coverage, precision, and selectivity of the analysis with throughput and cost of analysis as well as the number of analytes and sample amount required. Various analytical platforms are typically used to carry out metabolic phenotyping, most notably, liquid and solid 1 H NMR spectroscopy, 2, 7, 8 LC−MS, 9, 1, 10 and GC−MS (MS/MS). 11 1 H NMR spectroscopy is a robust and reliable technique that provides highly reproducible data and can achieve quantification of detectable metabolites in 4 to 5 min data acquisition time per sample. 2 Under standard conditions the technique typically measures metabolite concentrations in the micromolar to millimolar concentration range, but this includes hundreds of biologically relevant compounds. Hyphenated ultraperformance liquid chromatography−mass spectrometry (UPLC−MS) has become a widely used tool in metabolic profiling because it offers an attractive combination of high sensitivity and selectivity of analysis, along with the possibility of structural elucidation for metabolite identification and quantification at low micromolar to nanomolar levels of concentration. 1, 9, 12 The use of highresolution mass spectrometry (HRMS) interfaced with LC can provide simultaneous global metabolic profiling in full-scan mode and quantitative analysis of a variety of analytes. 13−19 Although UPLC−MS platforms, having an orthogonal dimension of chromatographic separation, provide more specific and comprehensive data, direct infusion mass spectrometry (DIMS) was shown to be useful for rapid diagnosis of biological samples. 5,20−23 We have recently demonstrated the high-throughput capabilities of a direct infusion nanoelectrospray high-resolution mass spectrometry (DI−nESI−HRMS) method applied to urinary metabolic phenotyping in large-scale epidemiological studies. 5, 24 The method was developed using the TriVersa Advion NanoMate system in infusion mode that provides nESI of the sample coupled to HRMS QTOF Synapt G2-S (Waters, Manchester, U.K.) for direct measurement of m/z. The ratio of the intensities of each analyte and its corresponding isotopically labeled internal standard, added to all samples, was measured, and the quantification was performed using the slope of the calibration curve obtained for each metabolite by the method of standard additions in the pooled urine sample to account for any matrix effect. In addition to generating quantitative information for selected metabolites, the use of high-resolution full-scan data allowed further data mining in an untargeted manner and showed the potential for the discovery of metabolites responsible for the differences in metabolic phenotypes of two populations from the INTERMAP study. 5 Studies comparing LC−MS and direct infusion mass spectrometry (DIMS) approaches for targeted MS/MS assays in proteomics and drug analysis, 25, 26 as well as in untargeted and targeted analysis of plant metabolites, 27 metabonomic, 28 and lipidomic 29 studies are scarce. DIMS and LC−MS data from human serum samples have been reported, comparing kidney cancer patients and healthy individuals. 28 This study showed that the DIMS and LC−MS methods offered comparable discrimination capabilities and that DIMS analysis was significantly faster. Quantification data for specific plant metabolites obtained by targeted direct infusion tandem mass spectrometry method (DIMSMS) using a linear ion trap mass spectrometer were compared to the results from targeted LC− MS/MS analysis, and it was shown that quantification by DIMSMS was reasonably accurate. 27 In lipidomic analysis of biological samples, DIMS provided the most comprehensive lipid coverage due to the identification of some polar lipid classes not identified by the UPLC−MS method. 29 Liquid chromatography−multiple reaction monitoring (LC−MRM) and direct infusion−multiple reaction monitoring (DI−MRM) assays have also been compared for quantification of heat shock proteins in cell lines, 25 showing that the increased throughput of DI−MRM is useful for rapid parallel analysis of large sample batches. Other studies have combined DIMS and 1 H NMR spectroscopic analysis of tissue extract samples 30 and metabolic profiling of human neuroblastoma cells treated with neurotoxins. 31 In the present work, we performed a practical comparison of DI−nESI−HRMS and reversed-phase UPLC−HRMS methods for metabolic profiling of an exemplar set of 132 samples obtained from the epidemiological cross-sectional study INTERMAP (INTERnational collaborative study of MAcronutrients, micronutrients and blood Pressure) investigating the relation between diet and blood pressure among 4680 men and women aged 40−59 in Japan, Peoples Republic of China, United Kingdom, and the United States. 32 Both methods were optimized to enable the combined exploratory and targeted metabolic profiling. As an indirect way to assess the coverage provided by the two MS-based platforms and 1 H NMR spectroscopy as well as their comparative usefulness for a typical untargeted metabolic profiling, we performed a multivariate analysis of the full-scan urinary profiles obtained and compared the predictive capability and discriminative features selected using sex as the basis for classification because we know a priori that there are differences attributable to sex in the urinary metabolic profiles. To assess the quantification capabilities of the two HRMS methods, we used the panel of metabolites (Table S-1, Supporting Information (SI)) with varying biological functions and related to blood pressure as in our previous publication using the DI−nESI−HRMS method for the analysis of urinary samples from the INTERMAP study. 5 The quantitative results, sensitivity, and dynamic ranges for different metabolites as well as sample preparation, run time, and number of analytes amenable to quantification were assessed and compared between the two HRMS methods. For metabolites present at in microlar range of concentration, we validated results from the MS-based platforms using 1 H NMR spectroscopy, which outperforms MS techniques in terms of linear dynamic range and analytical reproducibility.
To the best of our knowledge, this is the first comparative evaluation of DI−nESI−HRMS and UPLC−HRMS applied for simultaneous combined exploratory human urinary metabolic profiling and quantitative targeted analysis.
EXPERIMENTAL SECTION

Chemicals and Preparation of Standard Solutions
A description of the solvents and reference standards used for the MS-based analyses (Table S-1) as well as chemicals and materials used for the NMR measurements is provided in the SI. Buffer for the 1 H NMR analysis of the urine specimens was prepared as previously reported. 2 The labeled and nonlabeled standard stock solutions of chemicals were prepared at concentration of 1 mg/mL in methanol or methanol/water mixture. The multianalyte mixture of labeled internal standards and the multianalyte mixture of nonlabeled calibration standards were prepared at different levels of concentration (μg/mL) by mixing stock solutions in a total volume of 10 mL. The stock solutions were stored at 4°C in tightly closed containers for the length of the analysis. The details of the preparation of different calibrator solutions are provided in the SI and Table S-2.
Sample Preparation
The urine samples were aliquots taken from the 24 h urine specimens collected in the INTERMAP study as a part of an epidemiological study investigating hypertension. Boric acid had been added as a preservative to the urine samples upon collection. The description of the collection of urinary specimens along with clinical and dietary data is provided elsewhere. 32 Institutional ethics committee approval was obtained for each site, and all participants gave written informed consent. For this study, we used a test set of 132 randomly selected aliquots from the United States population, which included 22 pairs of blinded duplicate samples to assess the reproducibility of quantification.
The dilution factor used for the urine samples was optimized for UPLC−MS and DI−nESI−HRMS assays by assessing the effect of dilution on the intensities of endogenous metabolites and the added internal standards. All dilution factors have been taken into account for the quantification of metabolites and calculations of the limits of quantification (LOQ).
For DI−nESI−HRMS, 10 μL of thawed urine sample were pipetted in randomized order into deep-well plates and diluted 50-fold with ultrapure water. Aliquots of 50 μL of the diluted samples were transferred to the well plates, adding 25 μL of the multianalyte mixture of labeled internal standards prepared in methanol and making the total volume 150 μL by adding methanol (water−methanol final proportion 1:2). Aliquots of 10 μL of each thawed urine sample were mixed to obtain a pooled urine sample, which was used for the preparation of study reference (SR) sample, validation QC samples, and calibration series. The pooled urine samples were also diluted 50-fold.
For UPLC−HRMS, low-and high-concentration metabolites required different dilutions to accommodate the dynamic ranges of different urinary metabolites. The assay had to be performed twice with 20-and 3-fold diluted urine samples. To prepare two different dilutions, 20 or 50 μL of thawed urine samples were pipetted in randomized order into deep-well plates and diluted with water. Thereafter, aliquots of 50 μL of the diluted samples were transferred to the well plates, adding 25 μL of the multianalyte mixture of labeled internal standards prepared in methanol to each well. Aliquots of 10 μL of each thawed urine sample were mixed to obtain pooled urine samples used for the preparation of study reference (SR) sample and validation QC samples diluted by the corresponding factor.
For both DI−nESI−HRMS and UPLC−HRMS, the pooled SR samples were prepared identically to the study samples and measured throughout the analytical run to monitor system stability.
The protocol for 1 H NMR spectroscopic sample preparation was described by Dona et al. 2 In brief, 600 μL of thawed urine sample was transferred to an Eppendorf tube and centrifuged at 12 000g for 5 min at 4°C. Following centrifugation, 540 μL was taken from the Eppendorf tube and transferred to a 5 mm SampleJet NMR tube, to which 60 μL of NMR sample buffer was also added (600 μL of volume per NMR tube) and mixed thoroughly.
Calibration series and validation QC samples for DI−nESI− HRMS were prepared by pipetting 50 μL of diluted pooled urine samples in a well plate, adding 25 μL of the multianalyte mixture of labeled internal standards at a fixed concentration and 25 μL of the corresponding calibrator solution (both prepared in methanol) and increasing the total volume to 150 μL by adding methanol. For UPLC−HRMS, the calibration series and validation QC samples were prepared by adding 25 μL of the multianalyte mixture of labeled internal standards at fixed concentration and 25 μL of the corresponding calibrator solution to 100 μL of ultrapure water. The sample plates were sealed and subjected to 1 min of ultrasonication, followed by 10 min of centrifugation at 1500g at 4°C before MS analysis.
Chip-Based Nanoelectrospray MS (DI−nESI−HRMS) Analysis of Urine Samples
Chip-based nanoelectrospray infusion analysis was performed using the TriVersa NanoMate system (Advion BioSciences, Ithaca, NY) coupled to a Waters Synapt G2-Si (Waters MS Technologies, U.K.) operating in high-resolution continuum mode in negative and positive ion modes with automatic polarity switching. The MS experimental conditions are detailed in the SI.
Ultraperformance Liquid Chromatography−High-Resolution Mass Spectrometry (UPLC−HRMS) Analysis of Urine Samples
Chromatography was performed on a Waters Acquity UPLC system, equipped with a binary solvent manager, sample manager and column heater (Waters, Milford, MA). The chromatographic separations were performed on an HSS T3 (1.8 μm, 2.1 × 100 mm) column (Waters, Milford, MA) maintained at 40°C. The mobile phase consisted of a linear gradient elution, previously described, 9 and was performed at 0.4 mL/min using 0.1% formic acid in water and in acetonitrile. Mass spectrometry was performed on a Waters Synapt G2-S mass instrument (Waters MS Technologies, U.K.) equipped with an electrospray ion (ESI) source operated in high-resolution mode in positive (ESI+) and negative (ESI−) polarity. All mass spectral data were collected in centroid mode using the MS e mode of operation. 33 The LC and MS experimental conditions are detailed in the SI.
2.5.
H NMR Spectroscopic Analysis of Urine Samples
The analysis of urine biofluid samples by NMR spectroscopy was performed on a Bruker 600 MHz Advance III spectrometer, equipped with a BBI 600 MHz 5 mm Z gradient probe and automated tuning and matching unit, and a SampleJet autosampler, which retains the samples at 6°C before spectral acquisition. For each urine sample, a standard 1D experiment using a pulse sequence with presaturation of the water resonance and a 2D J-resolved experiment were performed. All spectrometer tuning and configuration protocols and standard operating procedures, as well as the pulse sequence details, have been described by Dona et al. 2 
Quantification of Metabolites
The list of urinary metabolites quantified by the two HRMS methods is presented in Table S-1. The calibration curves in both methods were plotted as the intensity of metabolite divided by the intensity of its labeled internal standard against the added concentration of the calibration standard solution (μg/mL). In DI−nESI−HRMS, the standard addition method in pooled urine samples was used for quantification using the slope of the calibration curve for each metabolite, as previously described. 5 In UPLC−HRMS, the study samples were quantified using a calibration curve obtained in water, as described above. The 1 H NMR quantitative measurements on a total of 24 metabolites (SI) were provided by Bruker BioSpin (Section 2.5).
Validation of the UPLC−HRMS Method
Linear ranges and inter-and intra-day accuracy and precision were determined for the UPLC−HRMS method following the FDA guidelines for the validation of bioanalytical methods. 34 The validation study was performed over separate days. On the first day, the well plate contained the calibration series consisting of six points plus zero point (spiked with the mixture of labeled internal standards only) and six replicates of validation QC samples prepared at low, medium, and high concentration levels for each metabolite (Table S-3) , 34 which were defined for each metabolite from the corresponding linear range (Table S-2). Sample blanks (water) were injected after the calibration series and each QC series to ascertain if there was carryover. On the second and third days, each plate contained a calibration series and one replicate of the QC series. The intra-and interday accuracy and precision were calculated as relative error (RE%) and coefficient of variance (CV%), respectively. accuracy = mean (measured concentration)/theoretical concentration × 100 precision = mean SD/mean (measured concentration) × 100
The method LOQ was determined as 10 times the standard deviation of the y intercept divided by the slope of the calibration curves obtained in the analyte-free matrix.
Data Preprocessing and Analysis
MS data acquisition, subsequent visualization, and quality control were achieved using MassLynx 4.1 software (Waters, U.K.). DI−nESI−HRMS raw data were converted to the mzML format with the ProteoWizard MSConvert software, 35 followed by processing using in-house Python 2.7.4 scripts, as previously described. 5 In brief, the processing included the sum of the scans acquired, interpolation of the data to a final resolution of 0.0028 m/z, local baseline estimation, and peak picking. Because the lock-mass function was turned off, the data were recalibrated post-acquisition by in-house scripts using the masses of the reference signals of labeled standards and endogenous metabolites present in all urine samples. After correction, the mass accuracy errors measured in the final data set were <10 ppm. For the untargeted analysis, the full-scan HRMS spectra were binned to 0.05 ppm, preprocessed, and normalized in MATLAB R2014a (Mathworks). Preprocessing consisted of removal of background signals by subtracting the spectrum of a blank sample from each sample profile and removal of the m/z features showing high variation in the pooled SR samples. After filtering, these data were normalized by probabilistic quotient normalization (PQN) 36 to a median reference spectrum. Pareto and UV scaling were applied prior to multivariate analysis.
UPLC−HRMS profiling data (dilution 1/3) were preprocessed utilizing XCMS 37 operating in an R statistical software environment. 38 Centroid raw data files were converted to NetCDF open format using the DataBridge executable function (MassLynx software, Waters). Within XCMS, the centWave algorithm was used for peak detection, extraction, and integration using the following parameters: ppm = 25, prefilter = (8, 3000), peakwidth = (2, 8), snthresh = 10, mzCenterFun = "wMean", integrate = 2, followed by peak grouping (using "density" method, bw = 1, mzwid = 0.01) and PQN normalization. Pareto and UV scaling were applied prior to multivariate analysis. The integration of chromatographic peaks for targeted analysis was performed using TargetLynx software (Waters, U.K.).
For untargeted analysis, the 1 H NMR spectra were digitized (after the removal of water, urea, and TSP regions) to a resolution of 0.001 ppm, aligned, normalized by PQN, and mean-centered.
For both HRMS methods, calibration curves plotting, quantification, and corresponding calculations were performed in Microsoft Excel. Pearson's correlation was used to calculate the association between the results of urinary metabolite quantification (μg/mL) obtained by the three techniques. DI− nESI−HRMS and UPLC−HRMS method comparison was performed by Passing−Bablok regression 39 and Bland−Altman plots 40 in R statistical software.
38
Principal component analysis (PCA) and orthogonal projection to latent structures−discriminant analysis (OPLS-DA) 41 were performed in SIMCA 14 (Umetrics, Sweden) to investigate the ability to identify sex-related metabolic differences in full-scan urine profiles obtained by the three techniques.
Putative metabolite annotation on the untargeted spectral profiles was performed using in-house and public databases (HMDB, 42 Metlin, 43 BioMagResBank 44 ). For UPLC−HRMS feature annotation, accurate mass, isotopic pattern, retention time, and MS/MS data (obtained from the MS e mode highcollision energy function) were matched to the database information. The NMR J-Resolved data were used to verify peak multiplicities and J-coupling constants to confirm metabolite annotation in the 1 H NMR analysis.
RESULTS AND DISCUSSION
In this work, we compared two MS-based metabolic profiling platforms and assessed their capabilities for performing parallel exploratory metabolic profiling and targeted quantification of selected metabolites in urine samples. extracted by XCMS, as described in the Experimental Section, was 1945 for ESI+ and 3795 for ESI−. In DI−nESI−HRMS, after the interpolation of the full-scan data and binning to 0.05 ppm and before applying further preprocessing, as described above, the total number of features (m/z) was 11200 for both polarities.
To assess the performance of the two methods, for untargeted and quantitative urinary profiling, we used the widely accepted strategy of analyzing different types of QC samples. Pooled study reference urine samples (pooled SR) were periodically injected between the injections of the study samples to monitor system stability and feature variability throughout the runs. Dilution SR samples, prepared by diluting the pooled SR sample to known factors (100, 30, 10, and 5%), were analyzed to enable the selection of biologically relevant features in exploratory profiling. 45 The LC−MS system stability can be estimated from the degree of similarity of the chromatograms obtained for pooled SR samples injected after the column conditioning ( Figure S-2A) . Similarly, the pooled SR samples were monitored throughout the DI−nESI−HRMS run. The overlay of highresolution mass spectra obtained for five SR samples without any normalization (Figure S-2B−D) shows the assay's robust performance at different time points throughout the run. For both methods, the variation of mass accuracy was <10 mDa (in ESI+ and ESI−), and the variation of retention time in UPLC−HRMS was <0.03 min throughout the run.
Assessing the CV% of the peak area (UPLC−HRMS) or height (DI−nESI−HRMS) across the pooled SR samples provided an indication of the repeatability as well as the reliability of the features as potential biomarkers. Here we applied the CV% filter approach (with a tolerance of 30%) to examine data acquired for the same sample set on the LC− and DI−nESI platforms. We observed that for the UPLC−HRMS method, 89 and 92% of the total features detected in ESI+ and ESI− modes, respectively, had a CV% < 30%, compared with 94 and 90% features generated by DI−nESI−HRMS. Taking a lower CV% cutoff value of CV% < 15%, 75% (ESI+) and 77% (ESI−) of features detected in UPLC−HRMS and 82% (ESI +) and 63% (ESI−) in DI−nESI−HRMS fell within the tolerance limit.
Untargeted Analysis by UPLC−HRMS, DI−nESI−HRMS, and 1 H NMR Spectroscopy
The full-scan 1 H NMR and MS data sets were analyzed by untargeted multivariate approaches to assess the differences and similarities captured by the three different analytical platforms as well as ascertaining the value of the complementary information obtained for the samples analyzed.
In the first instance, the whole data sets containing 132 samples and SR samples were modeled using PCA as an unsupervised approach, which allowed the detection of samples showing anomalous behavior. All three techniques identified the same samples to be outliers. The discriminant metabolites responsible for the outlying behavior in the three data sets were subsequently putatively annotated. There were two main groups of outliers, one due to high urinary glucose concentration and the other due to the presence of acetaminophen metabolites. The samples with high glucose resonance signals in representative To exemplify the classification capacity of the three techniques, after the first data assessment by PCA and removal of outliers, the remaining samples were subjected to supervised OPLS-DA approach using sex as the basis for discrimination. The cross-validated scores plots obtained for 1 H NMR, UPLC−HRMS (ESI−), and DI−nESI−HRMS (ESI−) are shown in Figure 1 . All models (Table S-4) found the explained sex-dependent variance values (R 2 X) to account for 10−40% of the variance in the data set, with the models for UPLC− HRMS data demonstrating a predictive value (Q 2 Y) of 20− 30%. These model statistics are considered as acceptable thresholds for human populations. 46 It is worth noting that the higher specificity and sensitivity of UPLC−HRMS metabolic profiling is reflected by better model statistics compared with the statistics of the models obtained for DI−nESI−HRMS data (Table S-4). We putatively annotated some discriminatory metabolites responsible for the separation according to sex in the data obtained by the three techniques (Table S-5). All methods identified creatine and citrate as being present at higher concentration in female urine samples, which is in agreement with previously reported data. 47, 48 Men were characterized by higher urinary concentrations of creatinine and ethanol, as determined by 1 H NMR profiles, which could be related to dietary factors such as meat and alcohol 
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consumption; the levels of creatinine also reflect greater muscle turnover. 49 UPLC−HRMS in positive ion mode also indicated higher levels of caffeine metabolites, 1-methylxantine and 1-methylurate, in male urine samples, which is again indicative of sex differences in dietary intake. Both UPLC−HRMS and DI− nESI−HRMS showed higher levels of several acylcarnitines in positive ion mode and steroid metabolites in negative ion mode in urine samples obtained from men, indicating differences in lipid metabolism, which is consistent with previously reported data on sex-specific urine 47 and serum metabolome. 50 Although some information is lost, or the results are less specific in terms of metabolite identification for DI−nESI−HRMS compared with UPLC−HRMS, most of the significant features responsible for the discrimination of different sample groups (sex) in the exploratory multivariate analysis were detected by both HRMS methods. The improvement of metabolite identification capabilities of the direct infusion methods can be achieved with ultrahigh mass accuracy and high-resolution mass spectrometers such as Orbitrap 51 and FT-ICR. 23 The masses obtained during the measurement on these instruments are expected to be close to the theoretical mass of metabolites, which facilitates the prediction of ion elemental formulas and provides more confident metabolite identification.
Targeted UPLC−HRMS
Modification of a conventional reversed-phase UPLC−MS method for global urinary metabolic profiling 9 allowed simultaneous acquisition of both qualitative and quantitative HRMS information. As a model, we took the experimental design used in our DI−nESI−HRMS method described in the Introduction and elsewhere. 5, 24 Thus stable isotope-labeled standards (Table S-1) were added to each urine sample. Each analytical plate contained a calibration series and validation QC samples in addition to pooled SR samples traditionally used in UPLC−MS experiments to monitor system stability. 9 In preliminary experiments aimed to optimize the UPLC− HRMS method for simultaneous quantitative analysis of the metabolites shown in Table 1 , we observed that it was not possible to use the standard addition method as in DI−nESI− HRMS. 5 In UPLC−HRMS, the additions of calibrator solutions (WS6-WS1) to the pooled urine samples were quickly saturating the detector. We therefore used water as a matrix for the calibration series in UPLC−HRMS and tested the parallel response of each metabolite added to the pooled urine sample and water by comparing the slopes of two calibration curves. In DI−nESI−HRMS, more severe matrix effect and ion suppression inherent of direct infusion MS (due to the fact that all ionizable components of a sample are infused simultaneously and compete for the charge) required using the pooled urine sample as a matrix for calibration and validation of QC samples by applying the method of standard additions for quantification, as previously described. 5 In UPLC−HRMS, we observed that some high-concentration metabolites, namely, creatinine, creatine, citrate, phenylacetylglutamine, hippurate, carnitine, and proline betaine, required higher dilution of the urine sample for more precise quantification. Hence, for the simultaneous UPLC−HRMS analysis of all metabolites listed in Table S-1, we prepared two sets of samples diluted by two different factors of 3-and 20-fold. In comparison, the dilution factor used for urine samples analyzed by DI−nESI−HRMS was 50, which sufficed for the quantification of all selected metabolites. 5 The UPLC−HRMS run time in two ionization modes for every sample dilution (1/3 or 1/20) was 5 days compared with the total analysis time by DI−nESI−HRMS of 9 h. Both targeted UPLC−HRMS and DI−nESI−HRMS are represented in Figure S -4 using the example of hippurate.
We validated the UPLC−HRMS method according to the reported guidelines for bioanalytical methods validation. 34, 52 Along with the validation QC samples prepared at three concentration levels (high, medium, and low; Table S-3) selected from the linear range for each metabolite (Table S-2) , metabolites detected in the replicates of pooled SR urine samples analyzed in each validation plate were quantified. The results of validation as intra-and interday accuracy and precision as well as precision of metabolite quantification in pooled SR urine samples are shown in Table S-6. For UPLC− HRMS validation, we adapted the acceptance criteria for the reliability of quantitative analysis according to the FDA guidelines for biomarker and metabonomic studies, allowing a 30% limit of variability, 34,52 as we have previously described for DI−nESI−HRMS. 5 The validation results for the UPLC−HRMS show that only 5 out of 34 measured metabolites had errors >20% in the QC samples prepared at low concentration. However, the intraand interday precision for these 5 metabolites measured in the pooled urine sample is <10%, which indicates that the method can be used for reliable quantification.
During the analysis of study samples in both UPLC−HRMS and DI−nESI−HRMS, the validation QC samples spiked with 35 reference standards at three levels of concentration (Table  S-3) were measured periodically. The results of in-study validation expressed as accuracy (RE%) and precision (CV%) of quantification are shown in Table S-7. The set of 132 urine specimens analyzed in this study contained 22 pairs of blinded duplicate samples, which were also used to assess the reproducibility of quantification (CV%) achieved by the two HRMS methods (Table S-7) . The comparison of duplicate samples showed an acceptable level of reproducibility for all metabolites measured by DI−nESI−HRMS. For UPLC− HRMS, three metabolites, expected to be present at low levels (caffeic acid, nicotine, and daidzein), were less precise. Note that acetylcarnitine could not be measured by UPLC−HRMS because it is highly polar and elutes early under the reversedphase conditions, whereas using DI−nESI−HRMS, it can be measured with a high degree of precision (CV% < 20%).
Correlation and Agreement between UPLC−HRMS and DI−nESI−HRMS
To assess further the similarity of the results of targeted analysis performed by both HRMS methods, we initially calculated the Pearson's correlation coefficient r for all metabolites that could be measured by both methods in 132 urine samples (Table 1) . Table 1 We observed the agreement of the quantitative results from DI−nESI−HRMS and UPLC−HRMS using Bland−Altman plots and Passing−Bablok regression analysis. The former approach assesses the agreement between two different analytical methods by plotting the concentration differences for each specimen against the average of the two measured concentrations. 40 In addition, mean difference and lower and upper limits of agreement are shown as horizontal lines with limits of agreement defined as mean difference ±1.96 times the (Figure 2A) is, for instance, highly correlated, the Passing− Bablok regression having slope of 1.05 and Bland−Altman plot showing good agreement between the results obtained by the two MS-methods (mean difference centered at zero). Glutamate illustrates the case of moderate but significant correlation ( Figure 2B) , with the Passing−Bablok regression slope of 0.3 and mean difference in Bland−Altman plot centered at zero at low concentrations and becoming negative at higher concentrations, which means that the concentration values obtained by UPLC−HRMS were overestimated compared with DI−nESI−HRMS. Because glutamate is a highly polar metabolite, it elutes early under reversed-phase chromatographic conditions and is represented by poorly shaped chromatographic peak, which leads to less accurate results. 3-Hydroxycinnamate shows weak correlation ( Figure  2C ). The Bland−Altman plot presents the positive and increasing mean difference, and the slope of Passing−Bablok regression is 56.3, both facts pointing out that the concentration is overestimated by DI−nESI−HRMS. This metabolite has the same molecular formula and hence the same accurate mass as phenylpyruvate, which is present in urine, according to the reported data, 42 at concentrations that are an order of magnitude higher than the concentration of 3-hydroxycinnamate. Thus the quantitative value in DI−nESI− HRMS is likely to be calculated from the combined sum of phenylpyruvate, 3-hydroxycinnamate, and its isomers. This type of overlap of isobaric species is common to all direct infusion MS methods due to the absence of chromatography, which precludes the separation of isomers and their reliable quantification.
For two metabolites, nicotine and cotinine, we used reported smoking status of the participants from the metadata to obtain strong correlation and regression parameters (Table 1) only for the samples collected from the smokers ( Figure S-5A,B) . Using the data for all samples led to unacceptable results of Passing−Bablok regression presumably due to the lower specificity of the peak detection by DI−nESI−HRMS ( Figure  S-5C,D) .
In summary, 5 of the total of 26 metabolites that could be detected and quantified by the two HRMS methods in the set of 132 urine samples showed weak or moderately weak (r < 0.6) correlation and agreement (Table 1) . Ten metabolites, namely, carnitine, citrate, creatine, creatinine, hippurate, Nacetylneuraminate, phenylacetylglutamine, proline betaine, propionylcarnitine, and saccharin were strongly correlated and showed good agreement between both HRMS methods. Some polar metabolites (creatine, creatinine, proline betaine, citrate, glutamate, carnitine, acetylcarnitine) were quantified more accurately by DI−nESI−HRMS. These metabolites elute early under the reversed-phase conditions used in this work, giving irregular peak shape due to their weak retention on the column, and their analysis by UPLC−MS would require the use of a different stationary phase such as hydrophylic interaction liquid chromatography (HILIC).
CONCLUSIONS
We provided a practical comparison of two HRMS methods optimized for the simultaneous acquisition of high-resolution exploratory data and quantitative information for a selected panel of metabolites using the conventional settings for global metabolic profiling on the same mass spectrometer. DI−nESI− HRMS was able to detect a wide range of metabolites, and the information relating to all ionized components in a sample could be readily obtained.
We demonstrated advantages and limitations of both methods, assessing their classification and prediction capability in exploratory untargeted analysis of high-resolution spectra obtained for an exemplar epidemiological data set. We used the difference between genders as a basis for classification knowing a priori that there are differences in the urinary metabolic profiles. This allowed validation of the findings in each platform against a reasonable set of expected and previously validated biomarkers, making for a clearer comparison. For both HRMS methods the same discriminatory metabolites were found, with UPLC−HRMS providing more specific information in terms of metabolite identification.
The quantitative results demonstrated that carnitine, creatine, creatinine, citrate, glutamate, hippurate, N-acetylneuraminate, phenylacetylglutamine, proline betaine, propionylcarnitine, and saccharin showed good correlation and agreement between UPLC−HRMS and DI−nESI−HRMS measurements, and thus can be adequately quantified using a less time-consuming method and with a minimal amount of samples. However, some metabolites had weak correlation and agreement between the two MS methods, revealing the limitation of DI−nESI−HRMS, which lacks specificity for the detection of isobaric and isomeric metabolites in the present settings of MS1 high-resolution acquisition. It is also worth mentioning that despite high-resolution isolation the MS/MS spectra acquired in DIMS may contain the product ions not only from the ion of interest but also from unrelated ions with close masses.
UPLC−MS required variable dilution factors of the original samples for the adequate quantification of metabolites present in high versus low concentration, necessitating longer sample preparation and analysis times. The total run time of 132 samples in two polarities by UPLC−HRMS was on the order of 5 days, whereas the total analysis time using DI−nESI− HRMS in both ionization modes was achieved in 9 h; this illustrates the main advantages accrued from DI−nESI− HRMS, which are analysis time and associated costs. This suggests an important role for this method for ultrarapid screening of large sample sets such as those collected for Biobanks (hundreds of thousands of samples). However, this method is not meant to replace the hyphenated LC−MS techniques that provide higher specificity and, in many instances, higher sensitivity due to the reduced matrix effects and ion suppression. We recommend DI−nESI−HRMS as a fast screening method for large sample batches, whereas we recommend UPLC−HRMS for more comprehensive analysis of selected samples.
Experimental Section. 1. Chemicals and preparation of standard solutions; 2. Chip-based nanoelectrospray MS system; 3. UPLC−HRMS experimental conditions; 4. Quantification of the samples by 1 H NMR spectroscopy. Table S-3 . Target concentrations (μg/mL) of the validation QC samples prepared at three concentration levels (high, medium, and low) and measured by UPLC−HRMS and DI− nESI−HRMS. Table S-4. Statistics of OPLS-DA models obtained for UPLC−HRMS data (UV-and Paretoscaled) and DI−nESI−HRMS data (UV-and paretoscaled). Table S-5. Putatively annotated metabolites that were discriminant between genders in the OPLS-DA analysis of the full-scan UPLC−HRMS, DI−nESI− HRMS, and 1 H NMR spectral profiles. Table S-6. Validation of the UPLC−HRMS method (intra-and interday accuracy and precision) using validation QC samples spiked with nonlabeled standards and precision of the quantification of the study reference urine samples. Table S-7. In-study validation (accuracy and precision) of the UPLC−HRMS and DI−nESI−HRMS methods performed using the validation QC samples spiked with nonlabeled standards included in each sample plate and precision of the metabolite quantification in the duplicate samples (CV%). 
